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Abstract
We study the mass of the lightest Higgs boson in an effective Kaluza-Klein theory
with two sources of supersymmetry breaking. When stop mass matrices are non-
diagonal with respect to Kaluza-Klein modes and each element is not small in unit of
the inverse compactification radius, a very small eigenvalue can be accommodated
in the diagonalized basis. We show that in the model with the two sources, the
Higgs boson mass can receive suitable corrections for various compactification radii.
1 Introduction
There has been much attention to the values of the masses of Higgs bosons. The Higgs field
of the Standard Model has a classical potential composed of quadratic and quartic self-
couplings. The mass receives radiative corrections from loop diagrams. If the Higgs field
couples to a fermion with a dimensionless Yukawa coupling constant and an ultraviolet
moment cutoff is employed to regulate the loop integral, the correction to the mass squared
yields a quadratic term of the cutoff. There are similar contributions from the virtual
effects of heavy fields, as emphasized in the introduction [1]. When there is a heavy
complex scalar field Φ coupled to the Higgs field H with the coupling −λΦ|H|2|Φ|2, the
Higgs field receives a correction to the squared mass dependent on the cutoff,
∆m2H =
λΦ
16π2
[
Λ2 − 2m2Φln
(
Λ
mΦ
)]
. (1.1)
In addition to a quadratic term of the ultraviolet momentum cutoff Λ, there is a quadratic
term of the heavy field mass mΦ. Heavy fermions also contribute similar corrections. In
the light of the sensitivity of the Higgs boson mass to the masses of heavy fields, the
effects on the Standard Model are not decoupled to heavy fields.
Once supersymmetry is assumed, such terms sensitive to the ultraviolet momentum
cutoff and heavy field masses are canceled between bosonic and fermionic contributions.
Because superparticles have not been detected, supersymmetry must be broken. In order
to keep cancellation of the quadratic term on the cutoff, supersymmetry breaking needs
to be soft. After supersymmetry is broken, the divergent correction to the Higgs boson
mass squared is of a logarithmic form
∆m2H = m
2
sp
[
λ
16π2
ln
(
Λ
msp
)]
. (1.2)
Here msp is the largest mass scale associated with the mass splittings between bosons
and fermions and λ stands for dimensionless couplings schematically. In the Minimal
Supersymmetric Standard Model (MSSM) with Λ of the Planck scale and λ of order
O(1), the msp is at the most 1 TeV so that the correction ∆m2H is not too large compared
to the electroweak breaking scale.
To achieve mass splittings is of great interest in its own right. Supersymmetry must
be broken in a way with no supersymmetric flavor problem. One candidate is to spa-
tially separate the MSSM fields from the source of supersymmetry breaking [2]-[5], as
the mediation in bulk spacetime does not distinguish flavor. When the radius of an extra
dimension is denoted as R, the mass splitting between a bulk field and its supersymmetric
partner can be of the order of R−1 with a factor of order O(1). This type of mass split-
ting is obtained by F -term supersymmetry breaking on a brane [2][6]-[8] or independently
by Scherk-Schwarz supersymmetry breaking [9]-[20]. If R−1 ∼ 1 TeV, corrections to the
Higgs mass would be significant. In a Kaluza-Klein approach, bulk fields are decomposed
in zero mode and Kaluza-Klein modes. Kaluza-Klein modes contain many heavy fields
and each provides corrections of the form given in Eq. (1.1). In models with softly bro-
ken supersymmetry, corrections would have the form (1.2). Here each of Kaluza-Klein
modes as well as zero mode acquires the mass splitting between bosonic and fermionic
fields. Because the contribution from each mode is summed, supersymmetry breaking
with extra dimensions may increase the corrections to Higgs boson masses. In the con-
text of extra dimensions, effective potentials and Higgs boson masses have been widely
studied [8][21]-[35].
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Both of the two ways of supersymmetry breaking above can provide the mass split-
ting of the same order. On the other hand, there is a difference about the structure
of Kaluza-Klein mode between them. For the Scherk-Schwarz supersymmetry breaking,
supersymmetry-breaking mass matrices in the Lagrangian are diagonal with respect to
Kaluza-Klein mode and F -term supersymmetry breaking on a brane leads to non-diagonal
supersymmetry-breaking mass matrices. In the latter case each component of the mass
matrices is of the order of R−1 and in the diagonalized basis the eigenvalues are also of
the order of R−1.
In the case with the Scherk-Schwarz twist, N = 1 supersymmetry can be locally
preserved on each boundary. Thus supersymmetric action can be given at each boundary
and it may be locally broken by some brane effects. Such a combined supersymmetry
breaking is physically inequivalent to that of only one supersymmetry-breaking source
because of distinct mass spectrum. However, its possibility has not been considered in
the literature. A point to be examined is whether supersymmetry-breaking mass matrices
assembled of the two possible sources about of order O(1) can give rise to at least one
small eigenvalue in the diagonalized basis. If very small eigenvalues are generated, the
effect of radiative corrections might be too small contributions to explain the Higgs boson
mass in an allowed region for R−1 ∼ 1 TeV. Instead it may be possible that the resulting
Higgs mass amounts to being corrected for a large R−1 such as the grand unification scale
due to the mass splitting made of R−1 multiplied by the small factor.
We study the corrections to the mass of the lightest Higgs boson in a Kaluza-Klein
effective field theory. In a simple model, it is explicitly shown how the contribution from
the mass splitting of each Kaluza-Klein level is summed. In a model with supersymmetry
broken by Scherk-Schwarz twists and F -terms on a brane, we find that small eigenvalues
for mass matrices can be accommodated. We show that for the two supersymmetry-
breaking sources, quantum loop corrections with a variety of compactification scales can
relax the upper bound to the mass of the lightest Higgs boson.
The paper is organized as follows. In Section 2, our notation for the lightest Higgs
boson is given. In Section 3, a picture for obtaining radiative corrections to the lightest
Higgs boson is shown for the four-dimensional case and Kaluza-Klein case. In Section 4,
our model with Scherk-Schwarz twists and boundary F -term is presented. We calculate
the diagonalization of mass matrices with respect to Kaluza-Klein modes. A conclusion
is made in Section 5.
2 The Higgs bosons in a mass-eigenstate basis
In this section, we summarize our notation for the lightest Higgs boson following Ref. [1,
36]. The Higgs scalar fields in the MSSM consist of two complex SU(2)L-doublets H1 and
H2 which in total have 8 real scalar degrees of freedom
H1 =
(
H01
H−1
)
=
(
H0d
H−d
)
, (1, 2,−1
2
), (2.1)
H2 =
(
H+2
H02
)
=
(
H+u
H0u
)
, (1, 2,+1
2
). (2.2)
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Here the quantum numbers for SU(3)× SU(2)L × U(1)Y are indicated by the numbers in
the parentheses. The superpartners are the spin 1/2 higgsinos(
H˜01
H˜−1
)
,
(
H˜+2
H˜02
)
. (2.3)
We express the superpartners of the Standard Model fields by putting a tilde on the
corresponding letter. The potential of the Higgs scalar fields is
V = (|µ|2 +m21)|H1|2 + (|µ|2 +m22)|H2|2 + [bH1H2 +H.c.]
+
1
8
g2(H†2σ
aH2 +H
†
1σ
aH1)
2 +
1
8
g′2(|H2|2 − |H1|2)2
= (|µ|2 +m21)(|H01 |2 + |H−1 |2) + (|µ|2 +m22)(|H+2 |2 + |H02 |2)
+
[
b(H−1 H
+
2 −H01H02 ) + H.c.
]
+
1
8
(g2 + g′2)(|H+2 |2 + |H02 |2 − |H01 |2 − |H−1 |2)2 +
1
2
g2|H+2 H0∗1 +H02H−∗1 |2, (2.4)
where g and g′ denote SU(2)L and U(1)Y gauge coupling constants, respectively, µ is a
supersymmetric mass and m1, m2 and b are supersymmetry-breaking coupling constants.
For H+2 = H
−
1 = 0, the Higgs potential is
V = (|µ|2 +m21)|H01 |2 + (|µ|2 +m22)|H02 |2 −
[
bH01H
0
2 +H.c.
]
+
1
8
(g2 + g′2)(|H02 |2 − |H01 |2)2. (2.5)
The equilibrium conditions ∂V/∂H02 = ∂V/∂H
0
1 = 0 at H
0
1 = v1, H
0
2 = v2 lead to
|µ|2 +m22 − b cot β − (m2Z/2) cos 2β = 0, (2.6)
|µ|2 +m21 − b tan β + (m2Z/2) cos 2β = 0, (2.7)
respectively. Here
tanβ =
v2
v1
, m2W =
1
2
g2(v21 + v
2
2), m
2
Z =
1
2
(g2 + g′2)(v21 + v
2
2). (2.8)
Eqs. (2.6) and (2.7) require
b2 > (|µ|2 +m21)(|µ|2 +m22). (2.9)
When the electroweak symmetry is broken, three among the eight degrees of freedom
of the Higgs scalar fields are the would-be Nambu-Goldstone bosons G0 and G± which
become the longitudinal modes of the Z0 and W± massive vector bosons. The remaining
five eigenstates are classified in three electrically-neutral fields and two electrically-charged
fields. Electrically-neutral fields consist of two CP-even scalars h0 andH0 and one CP-odd
scalar A0. Electrically-charged fields are one scalar H+ with charge +1 and its conjugate
scalar H− with charge −1. Here h0 is lighter than H0. The charged scalars are subject
to G− = G+∗, H− = H+∗. The gauge-eigenstate fields can be expressed in terms of the
mass-eigenstate fields as(
H02
H01
)
=
(
v2
v1
)
+
1√
2
Rα
(
h0
H0
)
+
i√
2
Rβ0
(
G0
A0
)
, (2.10)(
H+2
H−∗1
)
= Rβ±
(
G+
H+
)
. (2.11)
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The rotation matrices are given by
Rα =
(
cosα sinα
− sinα cosα
)
, Rβ0 =
(
sin β0 cos β0
− cos β0 sin β0
)
, (2.12)
Rβ± =
(
sin β± cos β±
− cos β± sin β±
)
. (2.13)
The electrically-neutral part of the potential is
V neutral =
1
2
m2h0h
02 +
1
2
m2H0H
02 +
1
2
m2G0G
02 +
1
2
m2A0A
02, (2.14)
with diag(m2h0 , m
2
H0) = R
−1
α m
2
φ0
R
Rα, diag(m
2
G0 , m
2
A0) = R
−1
β0
m2
φ0
I
Rβ0. Here
m2φ0
R
=
(
|µ|2 +m22 + g
2+g′2
4
(3v22 − v21) −b− g
2+g′2
2
v1v2
−b− g2+g′2
2
v1v2 |µ|2 +m21 + g
2+g′2
4
(3v21 − v22)
)
, (2.15)
m2φ0
I
=
(
|µ|2 +m22 + g
2+g′2
4
(v22 − v21) b
b |µ|2 +m21 + g
2+g′2
4
(v21 − v22)
)
. (2.16)
The electrically-charged part of the potential is
V charged = m2G±G
+G− +m2H±H
+H−, (2.17)
with diag(m2G± , m
2
H±) = R
−1
β±
m2φ±Rβ±. Here
m2φ± =
(
|µ|2 +m22 + g
2+g′2
4
v22 +
g2−g′2
4
v21 b+
g2
2
v1v2
b+ g
2
2
v1v2 |µ|2 +m21 + g
2+g′2
4
v21 +
g2−g′2
4
v22
)
. (2.18)
From the relation between the mass matrix m2
φ0
R
and the eigenvalues, the following equa-
tions are obtained:
m2A0 +m
2
Z = m
2
h0 +m
2
H0 , (2.19)
−sin 2β
2
m2A0 −
m2Z
2
sin 2β = (m2H0 −m2h0)
sin 2α
2
. (2.20)
A formula is obtained as
sin 2α
sin 2β
= − m
2
A0 +m
2
Z
m2H0 −m2h0
= −m
2
H0 +m
2
h0
m2H0 −m2h0
. (2.21)
For β0 = β, the mass matrix m
2
φ0
I
leads to the mass eigenvalues
m2A0 =
2b
sin 2β
, m2G0 = 0. (2.22)
From these equations, the masses for h0 and H0 are derived,
m2h0 =
1
2
[
m2A0 +m
2
Z −
√
(m2A0 +m
2
Z)
2 − 4m2A0m2Z cos2 2β
]
, (2.23)
m2H0 =
1
2
[
m2A0 +m
2
Z +
√
(m2A0 −m2Z)2 + 4m2A0m2Z sin2 2β
]
. (2.24)
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For electrically-charged scalars, the mass eigenvalues are
m2H± = m
2
A0 +m
2
W , m
2
G± = 0. (2.25)
The lightest Higgs boson is h0. The mass has the upper limit
m2h0 ≤ m2h0(mA0 →∞) = m2Z cos2 2θ, (2.26)
at tree level. The tree-level value is experimentally excluded.
3 Radiative corrections in an effective four-dimensional
picture
In this section we study the mass of the lightest Higgs boson at loop level. We start
with review for radiative corrections to the mass of the lightest Higgs boson in four-
dimensional case [1][36]. Top quark and its superpartner, stop largely contribute to Higgs
masses through radiative corrections. We concentrate on top and stop contributions. The
MSSM superpotential includes
Wt = ytt¯tH
0
2 − µH02H01 . (3.1)
where yt is the Yukawa coupling of the top quark t. For the left-handed top tL and the
right-handed top t¯R, there are stop t˜L and ˜¯tR. The supersymmetry-breaking Lagrangian
relevant to the stop masses is
Lsoft = −
[
˜¯tRa2t˜LH
0
2 +H.c.
]
− t˜†Lm2Qt˜L − ˜¯tRm2t¯˜¯t
†
R. (3.2)
where supersymmetry-breaking coupling constants are denoted as a2, mQ, mt¯. From
Eqs.(3.1) and (3.2), the stop mass terms are
(t˜L ˜¯t
∗
R)
(
m2Q + |ytH02 |2 a2H02 − ytµ∗H01 ∗
a∗2H
0
2
∗ − y∗tµH01 ∗ m2t¯ + |ytH02 |2
)(
t˜∗L
˜¯tR
)
. (3.3)
which are written as field-dependent mass terms.
For simplicity, we assume the field-dependent mass squared for the two stops t˜L and
˜¯tR is m
2
t˜
+ |ytH02 |2. Then the potential is radiatively corrected by the sum of stop and top
contributions given in
3
(4π)2
(m2t˜ + |ytH02 |2)2
(
ln
m2
t˜
+ |ytH02 |2
Λ2
− 1
2
)
− 3
(4π)2
|ytH02 |4
(
log
|ytH02 |2
Λ2
− 1
2
)
. (3.4)
With an expansion by powers of |ytH2|2/m2t˜ , the potential is
− 3
16π2
|ytH02 |4
(
ln
|ytH02 |2
m2
t˜
+ |ytH02 |2
− 3
2
)
≡ Ut(|H02 |2), (3.5)
up to constant (H02 -independent) terms, higher order terms and linear |H02 |2 terms which
are adjusted so that the stationary condition is satisfied. The potential (3.5) is written
around (ReH02 )
2 = v22 as
Ut((ReH
0
2 )
2) = Ut(v
2
2) + ((ReH
0
2 )
2 − v22)U ′t(v22) +
1
2
((ReH02 )
2 − v22)2U ′′t (v22) + · · · . (3.6)
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By this contribution, the mass matrix (2.15) of the electrically-neutral real fields is cor-
rected to
m2φ0
R
=
(
|µ|2 +m22 + g
2+g′2
4
(3v22 − v21) + ∆t −b− g
2+g′2
2
v1v2
−b − g2+g′2
2
v1v2 |µ|2 +m21 + g
2+g′2
4
(3v21 − v22)
)
. (3.7)
Here the top-stop correction is
∆t = 2v
2
2U
′′
t (v
2
2) = 2v
2
2
(
− 3
8π2
|yt|4 ln |yt|
2v22
m2
t˜
)
=
3
√
2m4tGF
2π2 sin2 β
ln
(
m2
t˜
m2t
)
, (3.8)
with top quark mass m2t = |yt|2v22 and Fermi coupling constant GF = 12√2(v21 + v22)−1 =
1.17× 10−5 GeV−2. Thus, in the present approximation the lightest Higgs mass is
m2h0 =
1
2
[
m2A0 +m
2
Z +∆t −
√
((m2A0 −m2Z) cos 2β +∆t)2 + (m2A0 +m2Z)2 sin2 2β
]
.(3.9)
The upper bound to the mass is given by
mh0
2 ≤ mh02(mA →∞) = m2Z cos2 2β +∆t sin2 β
= m2Z cos
2 2β +
3
√
2m4tGF
2π2
ln
(
m2
t˜
m2t
)
, (3.10)
where Eq. (3.8) has been used. The Higgs boson mass is significantly lifted to by the
radiative correction of top and stop.
Kaluza-Klein mode contributions
Next we consider the case where top and stop propagate in bulk. In a four-dimensional
language, zero mode and Kaluza-Klein modes give contributions. The contribution to the
potential from the n-th Kaluza-Klein states of bulk top and stop is
3
(4π)2
(
m2t˜ + |ytH2|2 +
n2
R2
)2(
ln
m2
t˜
+ |ytH02 |2 + n2/R2
Λ2
− 1
2
)
− 3
(4π)2
(
|ytH02 |2 +
n2
R2
)2(
ln
|ytH02 |2 + n2/R2
Λ2
− 1
2
)
, (3.11)
analogous to Eq.(3.4). Here m2
t˜
> |ytH02 |2. For illustration, in this section we adopt the
n-th top Kaluza-Klein mass squared n2/R2 and the n-th stop Kaluza-Klein mass squared
(m2
t˜
+ n2/R2). In this case, we explicitly show that the sum over contributions from an
infinite number of fields with mass splitting is finite. An importance of the sum over an
inifinite number of Kaluza-Klein modes to utilize five-dimensional invariance has been
discussed [24, 25, 44]. For logarithmic terms, we perform the expansion by powers of
(mt˜/(nR
−1)). For example,
ln
m2
t˜
+ |ytH02 |2 + n2/R2
Λ2
= ln
(
n2
R2Λ2
(
1 +
R2
n2
(m2t˜ + |ytH02 |2)
))
= ln
n2
R2Λ2
+
R2
n2
(m2t˜ + |ytH2|2)−
R4
2n4
(m2t˜ + |ytH2|2)2 + · · · . (3.12)
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In this way, the coefficients of a logarithmic term in Eq. (3.11), (m2
t˜
+ |ytH02 |2 + n2/R2)
may be split into (m2
t˜
+ |ytH02 |2) and (n2/R2) parts. Then Eq. (3.11) is lead to
3
16π2
m2t˜ (m
2
t˜ + 2|ytH02 |2 + 2
n2
R2
) ln
n2
R2Λ2
+
3
16π2
m2t˜ (m
2
t˜ + 2|ytH02 |2)
+
R2
16π2n2
((m2t˜ + |ytH02 |2)3 − |ytH02 |6)
=
3
16π2
m2t˜
(
m2t˜ +
2n2
R2
)
ln
n2
R2Λ2
+
3
16π2
m4t˜
(
1 +
R2
3n2
m2
)
+
3
8π2
m2t˜ |ytH02 |2 ln
n2
R2Λ2
+
3
16π2
m2t˜ |ytH02 |2
(
2 +
R2
n2
m2
)
+
3
16π2
R2
n2
m2t˜ |ytH02 |4.
(3.13)
Here the first two terms are constant. In the last line, the first and second terms are both
linear, which are treated as in the four-dimensional case. Note the equilibrium condition
is not independent of each n-th Kaluza-Klein mode. For the sum of every mode, v2 is
adjusted. Thus the radiative correction of the potential relevant to the Higgs mass is the
last term in Eq. (3.13), a quartic field term.
Now we have obtained the n-th contribution for the potential
U
(n)
t (|H02 |2) =
3
16π2
R2
n2
m2t˜ |ytH02 |4. (3.14)
From this equation, the correction for the lightest Higgs boson mass matrix is
∆
(n)
t = 2v
2
2U
(n)
t
′′
(v22) =
3
4π2
R2
n2
m2t˜ |yt|4v22 =
3
√
2
2π2
m4tGF
sin2 β
R2
n2
m2t˜ . (3.15)
The mass of the lightest Higgs boson (3.9) is corrected by amount of Kaluza-Klein mode
contributions to
m2h0 =
1
2
[
m2A0 +m
2
Z +∆t +
∞∑
n=1
∆
(n)
t
−
√√√√((m2A0 −m2Z) cos 2β +∆t +
∞∑
n=1
∆
(n)
t
)2
+ (m2A0 +m
2
Z)
2 sin2 2β

 .(3.16)
Due to the (1/n2)-dependence of the mass, the sum of an infinite number of contributions
converges,
∞∑
n=1
1
n2
=
π2
6
≃ 1.6,
10∑
n=1
1
n2
≃ 1.5. (3.17)
In order to show that small Kaluza-Klein numbers are dominant, we have also written
down the sum for the first 10 Kaluza-Klein states. Such an importance of small numbers
of Kaluza-Klein modes has been shown also in the context of corrections to gauge coupling
constants [45, 46]. From Eq. (3.16), the upper bound to the lightest Higgs mass is given
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by
mh0
2 ≤ mh02(mA →∞) = m2Z cos2 2β +
(
∆t +
∞∑
n=1
∆
(n)
t
)
sin2 β
= m2Z cos
2 2β +
3
√
2m4tGF
2π2
ln
(
m2
t˜
m2t
)
+
√
2
4
m4tGF (Rmt˜)
2. (3.18)
In the last equation, Eqs. (3.8), (3.15) and (3.17) have also been used.
4 The mass-eigenvalue splitting with bulk and brane
supersymmetry breaking
We derive stop mass in an orbifold model with the Standard Model gauge bosons, third
generation of quarks and leptons and two Higgs fields and their superpartners as five-
dimensional bulk fields, in similar to the model given in Refs. [7, 8]. And then we obtain
correction to the Higgs boson mass. Here zero modes are the MSSM fields. Bulk fields are
classified into gauge multiplet and hypermultiplet. The components of a gauge multiplet
are a gauge field AM , a adjoint scalar Σ and two gaugino A˜
i, where M,N = 0, 1, 2, 3, 5
and m,n = 0, 1, 2, 3. The gaugino A˜i is SU(2)R doublet (i = 1, 2). The component
of a hypermultiplet are SU(2)R-doublet scalars ψ˜
i and a Dirac fermion ψ. Fields which
propagate in bulk give Kaluza-Klein contributions in addition to zero mode contributions.
In an off-shell formulation, the gauge multiplet contains three adjoint auxiliary fields
Xa, which form a triplet of SU(2)R. The five-dimensional Lagrangian for the gauge
multiplet is given by [2, 47, 48]
Lgauge = 1
g2
tr
(
−1
2
(FMN)
2 − (DMΣ)2 − ¯˜AiiγMDM A˜i + (Xa)2 + ¯˜Ai[Σ, A˜i]
)
, (4.1)
with the supersymmetry transformation law
δξA
M = iξ¯iγ
M A˜i, (4.2)
δξΣ = iξ¯iA˜
i, (4.3)
δξA˜
i =
(
1
2
γMNFMN + γ
MDMΣ
)
ξi + i (Xaσa)i·j ξ
j, (4.4)
δξX
a = ξ¯i(σ
a)i·jγ
MDM A˜
j + i[Σ, ξ¯i(σ
a)i·jA˜
j ]. (4.5)
Here Dirac matrices are
γM =
((
0 σm
σ¯m 0
)
,
( −i 0
0 i
))
, (4.6)
with σm = (1, ~σ), σ¯m = (1,−~σ), and γMN = 1
2
[γM , γN ]. The covariant derivative acts on
fields like DMΣ = ∂MΣ+ i[AM ,Σ]. The symplectic Majorana condition is
A˜i = ǫijC ¯˜A
T
j , (4.7)
where the five-dimensional charge conjugation matrix C satisfies CγMC−1 = (γM)T . The
explicit form is C = diag(iσ2, iσ2). Lower indices i, j, .. transform under the 2∗ of SU(2)R.
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The ǫ tensor is employed to raise or lower indices where ǫ12 = ǫ21 = 1. The two four-
dimensional Weyl spinors A˜L and A˜R are incorporated in the expression of symplectic
Majorana spinors as
A˜1 =
(
(A˜L)α
( ¯˜AR)
α˙
)
, A˜2 =
(
(A˜R)α
−( ¯˜AL)α˙
)
, ¯˜A1 =
(
(A˜R)
α
( ¯˜AL)α˙
)T
, ¯˜A2 =
(
−(A˜L)α
( ¯˜AR)α˙
)T
.(4.8)
The supersymmetry transformation parameter is a symplectic Majorana spinor ξi.
The hypermultiplet contains an SU(2)R-doublet auxiliary field Fi in an off-shell for-
mulation. The five-dimensional gauge-interacting Lagrangian for the hypermultiplet is
Lhyper = −(DM ψ˜)†i (DM ψ˜i)− iψ¯γMDMψ + F †iFi − ψ¯Σψ + ψ˜†i (σaXa)i·jψ˜j
+ψ˜†iΣ
2ψ˜i +
(
i
√
2ψ¯A˜iǫijψ˜
j +H.c.
)
, (4.9)
with the supersymmetry transformation law
δξψ˜
i = −
√
2ǫij ξ¯jψ, (4.10)
δξψ = i
√
2γMDM ψ˜
iǫijξ
j −
√
2Σψ˜iǫijξ
j +
√
2Fiξ
i, (4.11)
δξFi = i
√
2ξ¯iγ
MDMψ +
√
2ξ¯iΣψ − 2iξ¯iA˜jǫjkψ˜k. (4.12)
Parity and twist
For the space of the extra-dimensional coordinate y, there are fixed points of orbifold.
Fields must be consistently defined around the fixed points. For the parity Z0 : y → −y,
the boundary conditions for fields of the gauge and hypermultiplet are
Aµ(x,−y) = P0Aµ(x, y)P †0 , Ay(x,−y) = −P0Ay(x, y)P †0 , (4.13)
Σ(x,−y) = −P0Σ(x, y)P †0 , A˜i(x,−y) = (σ3)i·j iγ5P0A˜j(x, y)P †0 , (4.14)
ψ˜i(x,−y) = (σ3)i·jη0P0ψ˜j(x, y), ψ(x,−y) = η0P0iγ5ψ(x, y), (4.15)
where P 20 = 1 and a sign parity is denoted as η0. The fermions and SU(2)R-doublet scalar
are written with their components as(
A˜L
A˜R
)
(x,−y) =
(
P0A˜L(x, y)P
†
0
−P0A˜R(x, y)P †0
)
,
(
ψ˜1
ψ˜2
)
(x,−y) =
(
η0P0ψ˜
1(y)
−η0P0ψ˜2(y)
)
,(4.16)
ψ(−y) =
(
ψL
ψR
)
(−y) =
(
η0P0ψL(y)
−η0P0ψR(y)
)
. (4.17)
For the parity S : y → y+2πR, the boundary conditions for SU(2)R-singlet bosonic fields
are given by
Aµ(x, y + 2πR) = V Aµ(x, y)V
†, Ay(x, y + 2πR) = V Ay(x, y)V
†, (4.18)
Σ(x, y + 2πR) = V Σ(x, y)V †, (4.19)
where V is a representation for S. With the other parity Z1 : πR + y → πR − y, the
consistency conditions Z20 = Z
2
1 = I, S = Z1Z0 and SZ0S = Z0 must be fulfilled, where I
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is the identity operator. As long as these conditions are satisfied, S has degrees of freedom
of twisting
U = exp
(
i
3∑
j=1
βjσj
)
= cos β · 1 + sin β
β
3∑
j=1
βjσj , (4.20)
where β =
√
β21 + β
2
2 + β
2
3 . For the σ3-rotation of SU(2)R around Z0 given in Eqs. (4.14)
and (4.15), the consistency conditions lead to
β3 = 0 or β1 = β2 = 0. (4.21)
Then the representation of a twist about S is
U =
(
cos β i(β1 − iβ2)β−1 sin β
i(β1 + iβ2)β
−1 sin β cos β
)
for β3 = 0;
=
(
cos β sin β
− sin β cos β
)
for β3 = β1 = 0. (4.22)
Hereafter we assume β3 = β1 = 0. The remaining fields has the parity for S given by
A˜i(x, y + 2πR) =
(
cos β sin β
− sin β cos β
)i
·j
V A˜j(x, y)V †, (4.23)
ψ˜i(y + 2πR) =
(
cos β sin β
− sin β cos β
)i
·j
η0η1V ψ˜
j(y), (4.24)
ψ(y + 2πR) = η0η1V ψ(y), (4.25)
where η1 is a sign parity. In components, for example, the gaugino is written as(
A˜L
A˜R
)
(x, y + 2πR) =
(
cos β sin β
− sin β cos β
)(
V A˜L(x, y)V
†
V A˜R(x, y)V
†
)
. (4.26)
The parity for Z1 is read from the parities for Z0 and S via V = P1P0. The boundary
conditions for SU(2)R-singlet fields are
Aµ(x, πR− y) = P1Aµ(x, πR + y)P †1 , Ay(x, πR− y) = −P1Ay(x, πR + y)P †1 ,(4.27)
Σ(x, πR− y) = −P1Σ(x, πR + y)P †1 , ψ(x, πR − y) = η1P1iγ5ψ(x, πR + y), (4.28)
and the boundary conditions for SU(2)R-doublet fields are(
A˜L
A˜R
)
(x, πR− y) =
(
cos β sin β
− sin β cos β
)(
P1A˜L(x, πR + y)P
†
1
−P1A˜R(x, πR + y)P †1
)
, (4.29)
(
ψ˜1
ψ˜2
)
(x, πR− y) =
(
cos β sin β
− sin β cos β
)(
η1P1ψ˜
1(x, πR + y)
−η1P1ψ˜2(x, πR + y)
)
. (4.30)
Mode functions
From the equations of the parities given above, we write down mode functions. Let us
consider the case where P0 = P1 = V = 1, η0 = η1 = 1. Other cases with various signs are
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obtained by appropriate exchanges of cosines and sines appearing in the following. The
gauge and hypermultiplet fields are mode-expanded as
Aµ(x, y) =
√
1
πR
A0µ(x) +
√
2
πR
Anµ(x) cos
ny
R
, (4.31)
Ay(x, y) =
√
2
πR
Any (x) sin
ny
R
, Σ(x, y) =
√
2
πR
Σn(x) sin
ny
R
, (4.32)(
A˜L
A˜R
)
(x, y) =
√
2
piR
(
cos βy
2piR
sin βy
2piR
− sin βy
2piR
cos βy
2piR
)( 1√
2
A˜1,0(x) + A˜1,n(x) cos ny
R
A˜2,n(x) sin ny
R
)
,(4.33)
(
ψ˜1
ψ˜2
)
(x, y) =
√
2
piR
(
cos βy
2piR
sin βy
2piR
− sin βy
2piR
cos βy
2piR
)(
1√
2
ψ˜1,0(x) + ψ˜1,n(x) cos ny
R
ψ˜2,n(x) sin ny
R
)
,(4.34)
(
ψL
ψR
)
(x, y) =
√
2
piR
( 1√
2
ψ1,0(x) + ψ1,n(x) cos ny
R
ψ2,n(x) sin ny
R
)
. (4.35)
For each contracted n, the summation
∑∞
n=1 has been taken. Here the numerical factors
are chosen from the normalization
1
2
∫ piR
−piR
dy
√
2
πR
cos
ny
R
·
√
2
πR
cos
my
R
= δnm. (4.36)
From the mode expansion give above, an SU(2)R-doublet hyperscalar yield the mass term
1
2
∫ piR
−piR
dy
(
∂yψ˜
1
∂yψ˜
2
)†(
∂yψ˜
1
∂yψ˜
2
)
=
(
β
2πR
)2
|ψ˜1,0|2 +
(
ψ˜1,n
ψ˜2,n
)†( ( β
2piR
)2
+ n
2
R2
−2 ( β
2piR
)
n
R
−2 ( β
2piR
)
n
R
(
β
2piR
)2
+ n
2
R2
)(
ψ˜1,n
ψ˜2,n
)
. (4.37)
The mass matrix is diagonal with respect to Kaluza-Klein modes. The n-th Kaluza-Klein
mode has the squared-mass eigenvalue (n± β/(2π))2/R2.
Supersymmetry and its breaking
The supersymmetry transformation parameter is a symplectic Majorana spinor and is
mode-expanded similarly to the gaugino A˜i as(
ξL
ξR
)
(x, y) =
√
2
piR
(
cos βy
2piR
sin βy
2piR
− sin βy
2piR
cos βy
2piR
)( 1√
2
ξ1,0(x) + ξ1,n(x) cos ny
R
ξ2,n(x) sin ny
R
)
. (4.38)
The zero mode corresponds to unbroken supersymmetry in four dimensions. At y = 0,
the zero mode has the value(
ξL(x, y = 0)
ξR(x, y = 0)
)
zero mode
=
√
1
piR
(
1 0
0 1
)(
ξ1,0(x)
0
)
. (4.39)
There is N = 1 supersymmetry at y = 0 in the direction of ξL because of ξR(y = 0) = 0.
At y = πR, the zero mode has the value(
ξL(x, y = πR)
ξR(x, y = πR)
)
zero mode
=
√
1
piR
(
cos β
2
sin β
2
− sin β
2
cos β
2
)(
ξ1,0(x)
0
)
. (4.40)
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If a linear combination of ξL and ξR is taken as(
ξpi1
ξpi2
)
=
(
cos β
2
− sin β
2
sin β
2
cos β
2
)(
ξL
ξR
)
, (4.41)
there is N = 1 supersymmetry at y = πR in the direction of ξpi1 because of ξpi2(y = πR) =
0.
At each boundary, four-dimensional supersymmetric couplings are possible for fields
that do not vanish under multiplication of a delta function. For y = 0, nonzero fields are
included in Aµ, A˜L, ψ˜
1 and ψL. For y = πR, nonzero fields are included in Aµ, A˜pi1, ψ˜pi1
and ψL. Here linear combinations of SU(2)R-doublet fields are taken in the direction of
ξpi1 for unbroken supersymmetry at y = πR as(
A˜pi1
A˜pi2
)
=
(
cos β
2
− sin β
2
sin β
2
cos β
2
)(
A˜L
A˜R
)
,
(
ψ˜pi1
ψ˜pi2
)
=
(
cos β
2
− sin β
2
sin β
2
cos β
2
)(
ψ˜1
ψ˜2
)
.(4.42)
At y = 0, Aµ(x, y) and A˜L(x, y) are formed into an N = 1 gauge multiplet and ψ˜
1(x, y)
and ψL(x, y) are formed into a chiral multiplet. For y = πR, Aµ(x, y) and A˜pi1(x, y) are
in a gauge multiplet and ψ˜pi1(x, y) and ψL(x, y) are in a chiral multiplet. Because the
directions of ξL and ξpi1 are different from each other, supersymmetry of total effective
four-dimensional theory is completely broken.
F -term on a brane
Let us introduce F -term on the brane at y = πR. At y = 0, the MSSM fields except
for the bulk fields are confined. We first review the case with no Scherk-Schwarz twist.
In this case, the mixing of Kaluza-Klein modes and its diagonalization was described
in detail in [7]. As in Section 3, we concentrate on top and stop contributions. We
denote a hypermultiplet with left-handed top quark tL in the zero-mode component as T
i
L
where i = 1, 2. In this notation, the Lagrangian involving T iL also allows supersymmetry
transformation of the function ξi. The stop t˜iL is contained as scalar components in T
i
L.
The mode functions for t˜iL are given like the mode functions for ψ˜
i in Eq. (4.34). Similarly
T iR are defined for right-handed top quark tR. The field on y = πR, S is coupled to bulk
matter superfields as
LpiR = δ(y − πR)1
2
[
− cl
Λ3
T 1
†
L T
1
LS
†S − cr
Λ3
T 1
†
R T
1
RS
†S
]
D
, (4.43)
where we have used T 2L = T
2
R = 0 at y = πR for no Scherk-Schwartz twist and extracting
D-term is represented as the square brackets with the subscript D such as [ ]D with the
notation of a vector superfield V = C + 1
2
θθθ¯θ¯(D + 1
2
C) + · · ·. When the S develops
〈FS〉, the stop mass is generated. With the dimensionless quantity
α = ct˜ π
( |〈FS〉|2
Λ4
)
ΛR, (4.44)
where we have assumed cl = cr = ct˜ for simplicity, the stop mass term is given by
− Lmass4 =
1
R2
[ ∞∑
n=1
n2(t˜1∗L,nt˜
1
L,n + t˜
2∗
L,nt˜
2
L,n) +
∞∑
n,m=1
2α
π2
(−1)n+mt˜1∗L,nt˜1L,m
+
( ∞∑
n=1
2α√
2π2
(−1)nt˜1∗L,nt˜1L,0 +H.c.
)
+
α
π2
t˜1∗L,0t˜
1
L,0 + (L↔ R)
]
.(4.45)
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Eq. (4.45) shows that the stop mass has the mixing between Kaluza-Klein modes. If
α ∼ O(1), mass eigenvalues are of the order R−2. For R−1 ∼ 1 TeV, the zero-mode mass
splitting mt˜ ∼ R−1 lead to significant radiative corrections to the Higgs boson mass. In
the upper bound (3.18) to the lightest Higgs boson mass, there are contributions largely
from the second and third terms. If α itself is very small and mt˜ ∼ αR−1, the Higgs boson
mass would be corrected for a large R−1 such as grand unification scale [8].
Now we consider supersymmetry breaking by the Scherk-Schwarz twist and F -term
on a brane. In the case with the Scherk-Schwarz twist (4.22), N = 1 supersymmetry at
y = πR is in the direction of ξpi1. Among the whole superfields, fields that do not vanish at
y = πR form N = 1 superfields in the direction of ξpi1. For T
i
L, the bulk superfield oriented
in the direction of ξpi1 is denoted as TLpi1 . The ξpi1-oriented superfield TLpi1 contains a stop
t˜Lpi1 and a top t
1
L. For T
i
R, the ξpi1-oriented TRpi1 is defined in an analogous way. Here(
t˜Lpi1
t˜Lpi2
)
=
(
cos β
2
− sin β
2
sin β
2
cos β
2
)(
t˜1L
t˜2L
)
,
(
t˜Rpi1
t˜Rpi2
)
=
(
cos β
2
− sin β
2
sin β
2
cos β
2
)(
t˜1R
t˜2R
)
,(4.46)
like Eq. (4.42). Then the boundary couplings are
LpiR = δ(y − πR)1
2
[
− cl
Λ3
T †Lpi1TLpi1S
†S − cr
Λ3
T †Rpi1TRpi1S
†S
]
D
. (4.47)
For nonzero twist and F -term, we obtain the stop mass term
−Lmass4 =
1
R2
[
β2
4π2
t˜1∗L,0t˜
1
L,0 +
∞∑
n=1
(
n2 +
β2
4π2
)
(t˜1∗L,nt˜
1
L,n + t˜
2∗
L,nt˜
2
L,n)
−
∞∑
n=1
nβ
π
(t˜1∗L,nt˜
2
L,n + t˜
2∗
L,nt˜
1
L,n) +
∞∑
n,m=1
2α
π2
(−1)n+mt˜1∗L,nt˜1L,m
+
∞∑
k=n
√
2α
π2
(−1)n(t˜1∗L,nt˜1L,0 + t˜1∗L,0t˜1L,n) +
α
π2
t˜1∗L,0t˜
1
L,0 + (L↔ R)
]
. (4.48)
Define
B =
β
2π
, P =
α
π2
. (4.49)
Up to the overall R−2, L part of mass term is written with a matrix form in a basis of
(t˜1L,0, t˜
1
L,1, t˜
1
L,2, · · · |t˜2L,1, t˜2L,2, · · ·)T as

B2+P −√2P √2P −√2P ... 0 0 0 ...
−√2P 1+B2+2P −2P 2P ... −2B 0 0 ...√
2P −2P 4+B2+2P −2P ... 0 −4B 0 ...
−√2P 2P −2P 9+B2+2P ... 0 0 −6B ...
... ...
0 −2B 0 0 ... 1+B2 0 0 ...
0 0 −4B 0 ... 0 4+B2 0 ...
0 0 0 −6B ... 0 0 9+B2 ...
... ...


.(4.50)
In the first line of the upper-left block matrix, the ellipses mean that ±√2P appear
alternately. In the second line, ∓2P appear alternately. In order to diagonalize the mass
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matrix (4.50), we introduce an eigenstate (Q10, Q
1
1, Q
1
2, · · · |Q21, Q22, · · ·)T and its eigenvalue
λ2. Then eigenvalue equations are explicitly written as
(B2 + P )Q10 −
√
2PS1o +
√
2PS1e = λ
2Q10, (4.51)
−
√
2PQ10 + (n
2 +B2)Q1n + 2PS
1
o − 2PS1e − 2nBQ2n = λ2Q1n, for odd n, (4.52)√
2PQ10 − 2PS1o + (n2 +B2)Q1n + 2PSe − 2nBQ2n = λ2Q1n, for even n, (4.53)
−2nBQ1n + (n2 +B2)Q2n = λ2Q2n, (4.54)
where S1o = Q
1
1 + Q
1
3 + Q
1
5 + · · · and S1e = Q12 + Q14 + Q16 + · · ·. From Eq. (4.54), Q2n is
solved by Q1n,
Q2n =
2nB
n2 +B2 − λ2Q
1
n. (4.55)
With this equation, the equation for n odd (4.52) is
1
2
[
1
λ2 − (n+B)2 +
1
λ2 − (n− B)2
]
(−
√
2PQ10 + 2PS
1
o − 2PS1e) = Q1n. (4.56)
The summation with respect to odd n gives
1√
2
PQ10 −
(
P − 1
ΣoB
)
S1o + PS
1
e = 0, (4.57)
where
ΣoB =
∑
n odd
1
λ2 − (n+B)2 +
∑
n odd
1
λ2 − (n−B)2 . (4.58)
With a similar calculation, the equation for even n lead to
1√
2
PQ10 − PS10 +
(
P − 1
ΣeB
)
S1e = 0, (4.59)
where
ΣeB =
∑
n even
1
λ2 − (n+B)2 +
∑
n even
1
λ2 − (n−B)2 . (4.60)
From these equations, the relation between Q10 and S
1
e is obtained as
P√
2ΣoB
Q10 +
(
P 2 −
(
P − 1
ΣoB
)(
P − 1
ΣeB
))
S1e = 0. (4.61)
The relation between Q10 and S
1
o is
P√
2ΣeB
Q10 +
((
P − 1
ΣeB
)(
P − 1
ΣoB
)
− P 2
)
S1o = 0. (4.62)
Substituting Eqs. (4.61) and (4.62) into the equation for Q10 (4.51), we obtain the eigen-
value equation
1
λ2 − B2 +
∞∑
n=1
(
1
λ2 − (n +B)2 +
1
λ2 − (n−B)2
)
=
1
P
. (4.63)
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Figure 1: P = Ct˜|〈FS〉|2RΛ−3/π and B = β/(2π) for λ2 = 0, 0.01, 0.1. The summation
over n appearing in (4.63) is taken as
∑1000
n=1 .
Behaviors of P and B in Eq.(4.63) are shown for several values of the eigenvalue λ in
Figure 1. The eigenvalue equation (4.63) is invariant under the shift B → B′ = B + 1.
For the shift, the left-hand side of (4.63) is explicitly written as
1
λ2 − (B + 1)2 +
∞∑
n=2
1
λ2 − (n+B)2 +
1
λ2 − B2 +
∞∑
n=1
1
λ2 − (n− B)2 , (4.64)
which is the same as the original. From this point, invariance under the shift of B with
arbitrarily integer is induced. The eigenvalue equation (4.63) is also invariant under
B ↔ −B. Thus we deal with values of the twist for 0 ≤ B ≤ 1/2. As seen in Figure 1, for
B = 0 (or β = 0), a small eigenvalue is generated only for a small P ∝ α. In other words,
then the eigenvalue and P are the same order. When there is a nonzero Scherk-Schwarz
twist, an interesting thing occurs. For B ∼ 0.5, an eigenvalue λ2 ∼ 0.01 is generated for
|P | ∼ 0.1 which is the same order as B. Even if |P | and B are the same order and not very
small, a very small mass-eigenvalue can be generated due to the mixing of effects of P
and B. Taking the overall R−2 back in Eq. (4.50), a TeV-scale mass splitting corresponds
to R−1 ∼ 1 TeV for λ ∼ 1 and R−1 ≫ TeV for λ≪ 1.
The appearance of small numbers with the mixing can be expected if we concentrate
on the upper-left block matrix of Eq. (4.50). In the upper-left block matrix, if P = 0, B
and the eigenvalue of the block matrix are the same order. If B = 0, P and the eigenvalue
of the block matrix are the same order. Then a very small eigenvalue corresponds to the
value itself of a very small B or P . On the other hand, if P and B are both nonzero and
a large mixing occurs, the eigenvalue can be much smaller than the values of P and B.
Now we examine λ as a function of P for B = 1/2. Using partial-fraction expansion
of trigonometric functions
π tan πλ = − 2λ
λ2 − 1
4
−
∞∑
n=1
2λ
λ2 − (n + 1
2
)2 = −
∞∑
n=1
2λ
λ2 − (n− 1
2
)2 , (4.65)
from Eq. (4.63) we obtain
π tanπλ
λ
= − 1
P
. (4.66)
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The function λ−1 tan πλ has any value from −∞ to ∞ for n− 1
2
< λ < n+ 1
2
for each n.
Therefore, λ in Eq. (4.66) has multiple solutions correspondingly to Kaluza-Klein modes.
In Figure 2, behavior of each side of Eq. (4.66) against λ is shown. As seen in Figure 2,
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Figure 2: f(λ) = πλ−1 tan(πλ) (solid line) and f(x) = −1/P (bold line). For illustration,
the graph is shown for P = −0.1. In the right graph the neighborhood of the intersection
for the lowest eigenvalue is magnified.
the mixing of B and |P | of order O(0.1) generates λ of order O(0.01). A smaller lowest-
eigenvalue can be generated by the mixing depending on the value of P . For a very small
λ, with the expansion of tan(πλ) = (πλ) + (πλ)3/3 + · · ·, Eq. (4.66) is
π2 +
π4λ2
3
+ · · · = − 1
P
, (4.67)
up to O(λ4). To the order λ2, the solution of the lowest-eigenvalue is obtained as
λ2 = − 3
π4
(
1
P
+ π2
)
. (4.68)
Because the left-hand side is positive, there is a lower bound to P ,
P > − 1
π2
. (4.69)
The existence of such a lower bound is seen in Figure 1.
In order to analyze the others of multiple solutions, we take the n-th eigenvalue (except
for the lowest (4.68)) as λn = n +
1
2
− ∆n to solve a small ∆n perturbatively. The
perturbation is valid especially for a large n because ∆n/n is very small for a large n.
With this normalization, Eq. (4.66) is
tan(∆nπ) = − P
n+ 1
2
−∆n
. (4.70)
By the expansion tan(∆nπ) = (∆nπ) + (∆nπ)
3/3 + · · ·, Eq. (4.70) is
∆2n − (n + 12)∆n − Ppi = 0, (4.71)
up to O(∆3n). We obtain the solution for ∆n,
∆n =
1
2
[
(n + 1
2
)±
√
(n+ 1
2
)2 + 4P
pi
]
= − P
(n + 1
2
)π
+
P 2
(n + 1
2
)3π2
+ · · · , (4.72)
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where the ellipses denote higher order terms in the expansion with P/(n+ 1
2
)2. The minus
sign in the first line of Eq. (4.72) has been chosen so that the equation at the first-order
of ∆n is fulfilled.
Within the above approximation, we obtain the stop mass-eigenvalues squared
m2t˜ = −
3
R2π4
(
1
P
+ π2
)
,
1
R2
(
n+ 1
2
+
P
(n + 1
2
)π
)2
, (4.73)
for B = 1/2. For a generic n, the Kaluza-Klein mass is obtained as
m2t˜ =
1
R2
(n+∆)2 , ∆ ≈ 0.4− 0.5. (4.74)
as found in Figure 2.
The Higgs boson mass corrections
In Eq. (3.18) in Section 3, we wrote down the upper bound involving Kaluza-Klein modes.
The analysis was based on the simplification that the n-th top and stop Kaluza-Klein
masses are n2/R2 and (m2
t˜
+ n2/R2), respectively. This structure of Kaluza-Klein masses
are somehow different from the result given in Eqs. (4.73) and (4.74). We here derive the
Higgs boson mass corrections for the lightest top and stop masses
m2t = |yt|2v22, m2t˜ = −
3
R2π4
(
1
P
+ π2
)
, (4.75)
respectively and the n-th Kaluza-Klein top and stop masses
m2t,n =
n2
R2
, m2t˜,n ≈
(n+ 1
2
)2
R2
, (4.76)
respectively. For the lightest top and stop with the masses (4.75), the correction to the
Higgs boson mass is of the form (3.8),
∆t =
3
√
2m4tGF
2π2 sin2 β
ln
(
m2
t˜
m2t
)
, (4.77)
where mt and mt˜ are given in Eq. (4.75). For the Kaluza-Klein mode, we adopt a calcu-
lation technique employed in Ref. [13] in which the potential
V =
1
2
Tr
∫
d4p
(2π)4
∞∑
n=−∞
ln
(
p2 +M2(φ) + (n + qb)
2/R2
p2 +M2(φ) + (n+ qf )2/R2
)
, (4.78)
is led to
V =
1
128π6R4
Tr [V (qf , φ)− V (qb, φ)] , (4.79)
V (q, φ) = (2πR)2M2(φ)Li3(e
2ipiqe−2piR
√
M2(φ))
+6πR
√
M2(φ)Li4(e
2ipiqe−2piR
√
M2(φ)) + 3Li5(e
2ipiqe−2piR
√
M2(φ)) + H.c..(4.80)
where Lin(z) =
∑∞
k=1 z
k/kn. While the zero-mode potential (3.5) is
Ut = 6
∫
d4p
(2π)4
ln
(
p2 +m2
t˜
+ |ytH02 |2
p2 + |ytH02 |2
)
, (4.81)
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with the stop mass (4.75), the potential contributed from Kaluza-Klein modes with the
masses (4.76) can be written as
UtKK = Usum − Usub, (4.82)
Usum = 6
∫
d4p
(2π)4
∞∑
n=−∞
ln
(
p2 + |ytH02 |2 + (n+ 12)2/R2
p2 + |ytH02 |2 + n2/R2
)
, (4.83)
Usub = 6
∫
d4p
(2π)4
ln
(
p2 + |ytH02 |2 + 1/(4R2)
p2 + |ytH02 |2
)
. (4.84)
Using the formula
V (qb = 1/2, φ) = −(2πR)
4M4(φ)
4
ln 2 + · · · , (4.85)
V (qf = 0, φ) =
(
3
16
− 1
4
ln(2πR
√
M2(φ))
)
(2πR)4M4(φ) + · · · , (4.86)
up to M2(φ)-linear term and higher order terms O((RM(φ))5/2), we find the corrections
for the Higgs boson mass,
∆sum = 2v
2
2U
′′
sum(v
2
2) = −
3
2π2
m4t
v22
ln(πRmt), (4.87)
∆sub = 2v
2
2U
′′
sub(v
2
2) = −
3
2π2
m4t
v22
ln(2Rmt). (4.88)
Thus the Kaluza-Klein mode corrections are
∆tKK = ∆sum −∆sub = 3
√
2m4tGF
π2 sin2 β
ln
2
π
. (4.89)
From this equation and the zero-mode contribution (4.77), we obtain the upper bound to
the lightest Higgs boson mass,
m2h0 ≤ mZ cos2 2β +
3
√
2m4tGF
2π2
ln
(2mt˜)
2
(πmt)2
, (4.90)
with m2
t˜
given in Eq. (4.75),
m2t˜ = −
3
R2π4
(
1
P
+ π2
)
. (4.91)
In Eq. (4.90), the Kaluza-Klein mode contribution is independent of R and only R-
dependence arises from the contribution of the lightest top and stop. The factor ln(m2
t˜
/m2t )
must not be too large for some R. For B = 1/2, a large R−1 can be allowed if P−1 ∼ −π2.
Here we estimate the values of radiative corrections. For mt = 181 GeV and mt˜ ∼
1000 GeV (composed of various values of R and P via Eq. (4.91)), the lightest mode
contribution gives
3
√
2m4tGF
2π2
ln
(
m2
t˜
m2t
)
≈ (96GeV)2. (4.92)
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On the other hand, the Kaluza-Klein contribution makes
3
√
2m4tGF
2π2
ln
4
π2
≈ −(50 GeV)2. (4.93)
Such a negative Kaluza-Klein contribution can be generated because in Eq. (4.83) the
argument of the logarithm function is smaller than unity for n < 0. These contributions
(96GeV)2−(50GeV)2 = (82GeV)2 can change the upper bound to the mass of the lightest
Higgs boson into an allowed region.
In the present model, gauge bosons propagate in bulk. The gauge coupling is sensitive
to energies over the inverse compactification scale [37]-[46]. As a fundamental theory
appears before gauge couplings become very small or very large, the number of Kaluza-
Klein modes can be of at most O(100). Thus an ultraviolet momentum cutoff may be
introduced in the theory. Our result for the radiative correction to the Higgs boson mass
is independent of such a cutoff.
5 Conclusion
We have studied corrections to the mass of the lightest Higgs boson in a Kaluza-Klein
effective theory. For the simple spectrum, it has been explicitly shown how contribu-
tions of Kaluza-Klein modes to the Higgs boson mass correction are summed. There the
summation over infinite numbers of Kaluza-Klein mode contributions converges. In other
cases, a finite radiative correction has been obtained using a calculation technique em-
ployed in the context with the summation over zero mode and Kaluza-Klein modes and
a momentum integral.
While N = 1 supersymmetry is oriented differently on each brane depending on a
Scherk-Schwarz twist, an F -term on a brane has been introduced. For these two sources,
stop mass matrix is non-diagonal with respect to Kaluza-Klein modes and also with re-
spect to SU(2)R. We have pointed out that a very small eigenvalue can be accommodated
in the diagonalized basis. Thus the mass splitting between zero-mode stop and top can
be around 1 TeV even for a large R−1. A large inverse compactification scale may be
motivated by four-dimensional MSSM gauge coupling unification. It has also been shown
that the eigenvalue equation becomes a simple form with trigonometric functions for the
Scherk-Schwarz parameter β = π. In this case we have presented multiple solutions that
correspond to Kaluza-Klein modes. With these solutions, we have estimated radiative
corrections to the lightest Higgs boson mass.
In the context of extra dimensions, the mass splitting may be related to the inverse
scale of compactification. The stop mass can be
mt˜ ∼ c×
1
R
, (5.1)
where c is a numerical factor. On the other hand, Kaluza-Klein masses are proportional
to R−1. From these properties, the correction of Kaluza-Klein modes to the lightest Higgs
boson mass squared is independent of R as in Eqs. (3.15) and (4.89). This Kaluza-Klein
contribution can be around over 3m4tGF/(
√
2π2) = (52 GeV)2. Together with zero-mode
contribution, it lifts the upper bound to the lightest Higgs boson in an allowed region,
although the value of zero mode contribution depends on R.
Finally, we mention stabilization of the scale R. A simple setup to stabilize com-
pactification radius is to take a constant superpotential into account in a warped extra
19
dimension [19, 49, 50]. It may be interesting to examine the issue of the Higgs boson
mass for the mixing of two supersymmetry breaking sources in a warped model with
radius stabilization.
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